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Progress has been made this year on twocisnc

aspects of the research project; the use of two-dimnsi.cn-I

spectral analysis, and the calculation of verzticca. '

of a surface, starting in each c"se frocm an at

The results are presented in modul.ar form, wiiuh sevBra. oarsn

each aspect of the research. The first report deals wi.th-

calibration of a spectral prog-ramr, using,- artificial w.avoformaL

of known properties. Experi-ence thus gain:-ed was usca; in

re-rimning 2-D spectra for altitude mat.-rices in ~aD

Terrain Library, the subject of zthe second report. Thi-rdly,

a summary of the value of 2-D spectra in genera: geomorpho=.etry

is offered. Two reports on vertioal derivatives follow; the

first presents preliminary results for the Dig-ital Terrain

Library, while the second sur..Tarises derivativas for different

(photo-interpretation) terra~in classes within a matrix area.
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FOR 2-D S

Initial results from using the 2-D z-ectral analysi; pro&-::m of naer

and McCaldcnsug,,csted a need for Greater cxpcricnce in £elcctin ; c'M.trol

param eters, to which the resu;ts arc quize senagtivc. The of sibi'iCy of

bias in the 2-D spectral domain (Evans and Zain, 1973. suGre ted s ht

desirability of obtaining results for known inputs, such as cosine wave

fluctuations. These trials firstly provide a test of protoraa', accuracy, ana

secondly suggest some approximate guidelines for control p7ramoters. The

outcome is to give the Rayner-N'cCalden program a remarkably clean ;i of

health.

The control parameters involved are G, the number of pOY:-ts smoothed

('tapered') at the edges of the data; (N-D), the number of zeros ade.ed to

each row or colun; and M 2 , the numLer of spectral estimated required. D

is the width of the data set (or the depth; we will deal here C.l.y w;ith

square matrices), which is generally Given, while N is the width of

working array including the zero fill.

The degrees of freedom of an elementary spectral estimate are ro'Trtiaal

to the square of (D-G)/N (Rayner, 1971, 197:2.. IncreasinG G or N decreases

the degrees of freedom per elementary estimate, which is undesiraLiLe because

it decreases the stability of such estimates. On the other han,', laclz o2

edge smoothing and zero fill produces serious 'side lobes', spurious oe~& in

the spectral domain at harmonics of major peaks. Som.e compromise ;miust

therefore be made. Tukey (1961) suggested a wide range of '>ossible values

for G.

Similarly, increasing the number of elementary esgirmates grO-un in-to a

spectral band reduces the variance of spectral estimnates, but increaes .-

width, i.e. decreases resolution (Jenkins, 1961). This 'smudging' mnay be

reduced only at the ex: ense of spectral stability. In e resent ex-erimcnus

we test the effect of varying G and (N-D), but not M, which is held con"ta,t

at 13. The effects of varying two pror-,tnies of the generated surface, the

wavelength and orientation of fluctuations, are also assessed. In each ; 6e,

the other variables are held constant.

Hence exneriments 1 and 2 are concerned with choice of parareters for

running 2-0 slectral analysts, while 3, 4 and 5 measure the accuracy of t,,e

:,rograi in lucating oscil aLions of known prow-rtics.

All these experiments utilised 'dummy' in;ut, for which the :-esulto could

be predicted. A short program was written to create a 10 x 100 data matrix
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containin a regular cosine fluctu;;tlon nan-al lcl t, o :.rV ,

made for alteration of wavlenjt,- and am'i) u hy :::fti.

constant t:e program could rotate the cosine wave. 1 was also ':o. . a

create more complex surfaces by the addition of twoz, o- .;-ore wave c,.._

',W'ave length is expressed in data sacin0 units, i.e. a ,,-n L wave (CS

through one cycle across the matrix.

1. $anering V-dge sa:oothinl)
\'ith constant windowidth ( (N-D) = 30 ), variance (I7)), waven.c a

orientation of input, the extent of tapering was varied over the inzerval

suggcsted by Tukey, i.e. from lm to 2D-' , of the data set lengch. Ikey's

cosine bell function was used Lhrou hiout.

Fig. I shows the percentage of variance remaining .;he frequency comain,

;lotted against G exoressed as a ". of D. T..e grapih sh>=.s .,n a

linear decline. As it stands, Fig. I reorcsents the steeper .rtor.ion e ne

graph of variance remaining against G. V.Q:h a hooneots data szt the

variance lost depends directly on nhe number of ooints affectc cy a .

G rows and columns of the data set are tapered on each side, s, each increase

in G affects slh.orter rows and colu.mns. Therefore each increase ir. C afCccta

fewer additional points, and the ra.c of loss of variance should a l.o

decline: but this is not apparent fo,- G less than 20^'*.

Somewhat different relationships woulJ occur if variation in ;ne data sat

were distributed unevenly. For example, if the ed3e. of the dat._ -t

exhibited relatively more variability ti.an the central oortions ta n the

decline. would be more rapid over lower values of C. .,.a" a i- .i

violates second-order stationarity, and would be difficult to remove 'y

pre I i minary de-t rending.

A measure of efficiency of the choice of paramet ers is given by the a:.oumt

of variance allocated to the correct class in the fFiequency goain. Fi G . 2

shows percentage variance in the correct class plotted as a function of 0.

A maximum of 93.35' occurs when G= 17;, of D, wnen just un..r ' of Che

original variance remains (with no tapering, 5(;' , remains). However, it vs

unlikely that the best value of (G/D) will be constant foi r.&. , compex

data sets. It is therefore necessary to try several different values, even

though in a less controlled situition it may be very difficult to decide

which result is 'best'.

2. Addition of Zeros

With constant tapering (G=10), variance (-5l), wavelength and orientat'on of



innut, the number of zeros added to increase thc data s(t len(t; wa ,ru'.

Not all values of N can be assessed, since the progrom requires t.at

(N/2M) should be an odd integur greater tl,an 1, where ,14 is the nu;lber of

estimates required. It was found that with N=100, i.e. with no z ros

added, the variance in the correct class was 33.,i'7;with N=!L0 t-e

variance was 91.16r. Variance remaining in the frequency Comain was

62.58.' and 31.58n. respectively, but the 'loss of variance' dau to addition

of further zeros around the margins of a matrix is not as detrimental as

the loss due to tapering. No information is lost: total variability remains

the same, but since this is distributed over a larger number of points,

variance is reduced. Hence the larger value of N is the more successful.

3. Wavelenqth

With constant window width ( (N-D) = 30 ), taperin- (G=l0), variance (G 0)

and orientation the wavelength of the input was varied over a range th.C

extended from 2.16 to 200 units. This demonstrated the program's ability

to locate different frequencies precisely in the spectral domain, in both

i and 2 dimensions. it was particularly useful to see the effects of

fluctuations of wavelength greater than one quarter of the da-- set 1en;th ,

a condition analogous to that frequently met when the stationarity assumotion

is violated.

Initially a set of decreasing wavelengths was fed into the proram; "he

results are given below.

Approximate Total Q Total variance in 2-)
wavelength variance in variance remaining spectra. dan in

(units) data set after edge smoothing correct cell

17.00 4,9.80 Z16.37 3!.

8.68 50.,'2Z 37.37 93.,9

7.00 49.57 46. 4k 92.53

5.20 49.51 37.73 9 a

4.-34 49.84 46.i6
3.70 49.96 37.39 935.5-

3.25 49.50 46.51 92.57

2.91 1,K.62 37.67 93.50

2.60 50.07 46.oo 92.55

2.36 50.19 37.20 ,.45

2.16 48.99 47.81 92.12



I.I

Di fcrences in total variance are cic -Lo -runc:,- - -

different heights. Tnat is, hc wave awas bin' a- a .....

its final value 'depends upon the relptionshi:) of -he Lw.en t. "'o h

length of the data set.

Each wavelength chosen coincides with a ciass miidpoinz aznc 44 c', r

from column four that the program works well in placinS 92-Wi'; - h

variance in the spectrum into the correct class. ,.t least a fur-,or

5, of the variance is concentrated in the eight cells irnedia~eiy

to the correct one. This sometimes leaves less than 2" of the variancea

distributed over the remaining 355 cells in the frequency domain eci

here, so that 'leakage' from the correct wavelength and o-ienca:in dc.s

not appear serious. The shaded maps of the spectra' domainr, h.over, convey

a more pessimistic impression. This is because th: ,e:.-tric claa.:

interval emphasisez. contrasts which involve very small nroporzionz of

variance (less than O.O01i nor cell). 1 n theae simo e exa-mples t'_ fayner-

McCalden program exhibits considerable accuracy. In eca. casz- the -,

averaged vector spectra peaks are quite sharp, and are loca6ed acc.-:z e.

A similar experiment was performed at higher reso lution to see '.hn -

to fluctuations whose wavelength falls near a class bounacry.

The wavelength was altered in incrcmernts of ).3 units over a :&n

between two class mid-points in the frequency do:oin 6.5 and 3. 7 unit).

The results are Given in Fij. 3 where the two lines on t graph r-

the differing percentages of variance in each class a the .:avecn.' -.

It is notable that the decline away from each class aid-point is no: li.-z.r.

The values remain fairly constant until close to the class bou:y, \.-rc

rapid change occurs. Serious leakado cf variance into adjacen. cco-e jcc .:

only for waves close to a cell boundary.

:,-ore interesting results are noted ,Ien an a':c..- t is Wade to prec.

too long for zhe prog-am to resolve. 0Ae .L a se is i unics :--C.S

waves longer than 52 units should preferably be removed by de::eni<.

Variance from these long-wave trends is placed in the 'zero frequency' ci- s.



(in i. s)v.~ c . ~

31 492 3 )..

4L6 53,.7

6 1 51-55

75 i(5

925 .J)

123 42. 69:.

138 46.-39 -7

153 51.11 1

170 53-57

1834 52.91

2')0 49-97 37-2

As before, differences in total vaia :O (.uc - o n..~ o;

case they are more ext rcm-e due to tie cn-O- w us,".

-;o int alhout th-e uneven 61sistr..otlon. of v -- 7-- . -n c c--

rnoted that the grcatestL loss -'s for a 92-'-un-.t wn~anc th-e

urci ts. Th;e data set is 10) units !~on,:: ar"C a Cr. r., L'- .;3 oC..

id e o f th1;e -.a-ix he" cn c e a 92- u n iti wav z ca c ca... . . .

t!i e o t .e r s i c.e (jfthe m,: rat r-ix ofreor --c n .0 vzac;* :'

az the ed'f;os of the :t-a set zaao --:: --'fc C byC

reduces thre greatest zvnic.Alte . .-

-iaximum, whe.n the p rioi is 1 u2 t Cfzz'

e-dgc-smoo th.ir.2 i ac cort ... 7

1Vit h regard to percc.,-ares o;- vacCC ...r...''-..-

a cut-off point s.-;ould b, *, -V.,erve -at . .. .- -

cell . Wvi t- a w a v Ie n,t.: o' f un It s 5. s5 c n C

it is alreceiy 24.42', : whlat i jnu"y

a rmiz.-i mum L)f 9 1. 3^ at 75 -un-it s, t..e ;oer -

ove r 15', of the variance is le,-euac: a

analogous to aliasing zit the ie-f:-.

then, thait resolut ion arouna thc at1 .C .,.,6

ie:aeioto thle Zero frecjl.hmcy cell I f.- a z'.->: .. -;V2 ......

than leakage out, whiich increases for ',-a'vve' cr,~&.: >eatc; t.n. .. ~

width.
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leith constant window width ( (N-D') = 30 -, taoerin.% (OaG] c. , of

input, wave orientation was altered to test whethe- waves o liiue co %ue

axes can be resolved as accurately as those dliscussed so

h'aveforns were generated in the previo".s ex erinnts by .i -

function as the first row, and repea; ii(: it tei, rkeuired nu.

To minimise additional comiluting, rotat; on is ach-ieved !-,erhc by

phase factor to the co6a fluctuation for each successive ro.. .ie ;i

gives a rapid and efficient result, the wavelength is reduced as hL anrlgle

of rotation increases, tendin 3 towards zero wavelength as ninety-degrce

rotation is approached. The adjusted wavelength can be cac: C.zed by

multiplying the original value by the cosine of the angle of r

is unfortunate that wavelength varies in this way; a slightly d

alg-.rithn can in fact avoid this without leading to any more cur::tion.

The results are given in Fig. 4.For each orient: >;n a chart is given

depicting the same subsection of the. frequency domain. The irde: c-.arz 51yes

the wavelength of the midpoint of each class, while the series of che

gives percentage variance in the same classes. Again, the resut!s are as

expected, with serious leakage occurin, only from waves close to class

boundaries in the frequency domain. Leakg.e is, however, sufficient.

strong to affect comparisons between cells with low or,:ortions of tota

variance. Peaks in the l-D averaged vec-.or sectr are still shar n-

precisely located, whatever the rotation.

5. euoorimposed V"ave s

A further matrix was generated consisting of two ::;oriclased cosine ,.a,

with wavelengths of 29 units and 6.5 units ar.d ecual variance. hese Cure

aligned parallel to each other and -co the east-west az is. In a second

exneriment a wavelength at 4.6 units was imposed on the 29-unit :.vu a

angle of 450. Results are jiven below:

.'AVE COX3CNENTS 3 ALL.L

Period True Cmouzed Co-rec :. y
(data units) Variance Variance Placed va riance

20 2.
4.6 5 •14' 3.

92.5T;



True Cx,; :;uteu y

Pcriod Vari ance Vrinc, lac,.. -

2.7) 54) l6.71i'  ",.•7 "'

4.6 5 4 ..,

TIt ccan be seen from these results t-1,.at th zreur:, e, u:Z

at picking out the different wave coaponentos anc: a-lows less tIfc- °

the variance o be leaked into erroneous cels.

6. Conclusions

The Rayner-'cCalden program is efficient at distinhuishing vav .

presented in the sim';le data sets used here. Leakge ic confiner ....

the immediately adjacent cells and it can be seen t -,r% only wi.. .

comes close to the boundary does confusion occurwith va--ance bei:: ;liz

between the classes on eiter side. This s-creses tee nee- o t.edze &cc-, -

of the level of resolution rCCuired in selectin G  ;e :-z.:ber of e . -

represent Ohe frequency domain.

Our orevious susp)icios (Evans and Bain, I973 P. 5 concorni : -.

princinal axes of the frecluency domain ar w ,;id n. -e cra......

perfectly well with diagonal wavee. Leakage sos however occur :--

parallel to the principal axes: th-.is makes comnoarsen of low - co

different orientations very difficult.

The values of G, N and .! can vary considerably. .. he i: .

better spectral accu-acy but cause loss of varCauce. a:ncr va'ue "

provide greater accuracy wit/, -t2-.counervai Iin.- 61sa-,vanc

be rcmemLered that the firer. for te-.a: Inu- v- C L.-

lowered by inclusion of the extra zeros (i.e. ::;ean values). "........"

: (the number e;f esti .oates required in the froec >c.; dcy ai.

resolution level desired and the rur. or of .Jjrcos -,f 2 .'a

estimate. it seems likely teat anaylysis of any o).. i ... .,.

have to be reneated several times usi,. -3 .'-ent ,al,...

until a reliable result with good res;luzion is ac' ieved.
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0 2' .0 .3200 3..7 2. O -.3., 7.0

.52.05'

26.00 118.38 11.63 6.22 6.31 5.10 -,27

7. 0 .63 2 7. 8

1 8.67 .22 7.21 .3 5.20 6 .,-, :,,

U' 7.43
165 3.3 5. 12 "1:

PBCN:G , 2AXE &
0.20 5.1 0 .,.83 4.6 ,.06 3.68 3 3

PERCENTAGE VRi.. .CE, E-4" -, , ."-.

0-32

0-2 04 I . Ol

1.35 0.09

8 888 Q 6.13 0.15 * O 3.0"

I130 0.09

I _ _ , j _ _ _ _ _ _ _

The boxed cross indicates the location of the invut wivc

the frequency domain.
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-PERCE TAGE VARIA:CE, 6'40 ^.:

0.01

S0.09 *

0-01 0-20 * t
S•i .

3-15 11l.43 0.88 0.17 0"01 0"017 I

0"05 1"35 0"0 1

PERCENTAGE VARIACE, 6.-

0.01

0.09

0"20 0.01:

0.02 1.35 0*C4
* j I :

139 2 .76 0.15 0 0.

002 1.36 0-04.j .



0-02 0-0 * 0' 0 0'0

I .

PZERCEN-ALE VARIANCE, 5-DZ -

0-02. 0.20 -

G -07 1.-3~4 0-02

0*22 -78 * i-6-- 0*0 -c .- 0

- I0-06 1-32. 0-02 -

I o.0 o I



A - '0 -

PECNTi 0 AR20 C 01 .

0-0 1. 85 4-3 a 1 U.U

0-03 34 0-07.

PERCENTAGE VARAX, - -

0.0'4 0.06 *

0.08 0.1-3

* 0.01 0.56 0. 8r 0*OJ1

0.06 0-56 37-5L4 1.--7 0 5 0~2 0.06 0.0

I 0.01 0.-55 0-85 0-01*.
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PERCENTAGE VARIANCE, .- ?;

0.05

I I

S0-01 0 20

0.05 1.34 0.02

0"01 0. 15 3" 59 9 -79 1" 55 015 C.C

0. O05 1- 34 0. 02

PERC-NTn-A VARIANCE, 5"7O<- "At"s

* . . .0"01

* 0.20 001

* I 002 '0

_ _ I 0"02 _ 134 O_05 0 01

0* 0-06 102 90. 8_ 3.67 0 .50 0.02

00 1* 35 0

____I 001

* I00 1.3 0
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Zer ots~ .,Orcc -S - C...1C ..

clear sice0-lobcs ancd we-re &rcsx .,'

data sets o-x 2v rese-nte bcow -1 ."O"I': zm~ 0 ~oalvK

rema-inin.g- in. the frecuency i6ar e c cso~or ~r~r...~.-

w~t- the ') of Zh-ec Uency ana~vra~CW;Cfi~ .. -~-- -

cell. For comparison the in:o srr~u t. zsc-rosL

presented.

6'.N oX iKJ.r. ..o .

-...... 4L17 757 .

T '-,e f igurecs for th e %oT t o t al 'a iac rC i n

domain show how mucl, variance is sacrificod In rm;nni ,'-sir.., S1.ClOdS I



the case of C'amclon the rQZXuction is sczod in.co muc.-. cf . _

fthe terrain is situated near to t1e -0~ eges. "e zre

processing the Camden r..t2xlost less th-.an a rcr-tor of its variance wz'

C a4. The greatest p"rootion of vairia-nce preserved in, any marxis

just over a third (in the case of Aye,:r).

Another eff'ect o-.- the increase,- smc3ti is o rdUco the -;:atc

of variance placed in the zer.o frequency ceil, Zans 52rvn 4 ~ -

of the results. The reduction exceeds 10'. of frequency fca;.vrac or

Torridon, Flamingr Gorge and Monan 3uttes. Th-e on-serious in.crease is

for Bray (9.71%). Three areas are unaffected, and the othera: six have

reductions between 2.91 and 8.19%. Thlese figure-s indlcata '-ow an..-ch the

smoothing operation affects the larger-scale foi n tn-e matrias.

The incidence of the si.deiobes (wihthe smoothing- op~erati ons

designed to counteract) is related to tzhe ue of --.oints in the :matrix,

the numiber of speczrai estimates --aed ndteincidence of rea' nDeak.s

in the frequency domain. For: the simul11ated cosine-wave mazrices, varianc e

'leaked' from a peak in -Th-e frequency domain was concentrated in-to a cr:oss

centred on the peak' ; subsidiary peaks occurred at intervals deemndby

the size of the data set and the numb:er of7 estimates re~cuired in the

frequency domain. Th e - rono-Lced-* bias toward the 0rz~a xso :e

frequency domain observed -pre-viously (evans anc. -1!n, 1973*) -.ras du"O to

the main spectral peak occu-rrng in the central ('zero ruacy -

Table II shows th.e bias of the frequency domains of the matrices_ , as

measured by a ratio of varia*-nce on ta- rinci-pal axes to va0ac on.". e

diagonals. ('Bias' = error consistently in one % irection). oTez c~y

results are shown for comnarison.

In ten of the thirteen matrices T.here is a reduction :Ln o~

of bias, which m"a;t be attributed to the increased edde smoothin.. 7

bias remains is due to two factors; edge snoothi.; may not- be ce Zective

enough , and the fon.-s in the matrices may really vary with oriontation.

Increased smoothing has reduced the largest biases, by 50%1 for Emerado and



u:navoidablo.

lx - RI X "-E Al. 11

.0:-,:7ONTA T RCL X. LI 974
i S X I S D AG . 1.

E-merado 0.945 .7 3 C. C04 C . 7.J

M~a-mmoth Cave 139103 2 l '3~- .2 6

Flam~ing Gorge 0.3S72 C .74 S 0 .1.'.9 G. 042 10. 2.3

Alma 2. 000 0. 9k<0 043 0.73Q7 2 .4z1

t.Bonneville 1.636 0.6715 0.3 .12 J

H-illsboro 1.360 0.57., 0.266 0.494 2.5:5 1'.74.

Ayer 0.64-7 0.466 0 .3 S 0).046 2'.-0 2.76

Bry0210.426 0.062 0.072 4.6: .7

Delaware 0.63,- 2.303 0.'16-7 C.170 7.73

Cam-den 0.956 1.43 1.3 0.1 .64

M.averick :.250 1.037 0.125 0.030 1

MenanI Buttes 1 .143 1 .3 1 0.14-7 C.1-76 7.72S

Torridon 2.567 2.170- C.770 0.153 41 I

.,,.e average valu,,es tor z~eax:es go some ;,:ay to rv a

o:f thec general chara cter o-- th.'e --.aenc rois -' Jdn; c;.

account th"e bias it --s "'ed; *
0 5 5

.- c is.3 e

di-,agonals andc princpaI axe-sseaaev usaun.:c-.LC

Emerado, north-south lineation. I s lzul sto ng; 3:.anet-.sz w:

If we assume thaaz concentraz--on oi variance on zae - 'no

a real feature of the data, but is dosllyto laakage, -z.e -'!,I

overcom--e 3y diviin values onth r7cia axes 1-y 'zhi -s 0-ou

bias. This seem,,s reasonable hees~emn -':eCX-mcm)7oS v

scati a-aity requirement to a cons-"rbedgeadta.

domains are dmnt by peaks in the cont:a1, cell. If dmi:.

are in other ce!!lo, as for the stationar y cosine waveforms n - oco
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bias would be calculated witha re:eorence to axcs :ru~ a

peak.

The problem of using these -7ig UrCS is that thcy ar:e ax' .ra~cas a , o:

take no accouit of scale distribution of va-riarce alo-.- 'the axes of -,"-Q

frequency domain. Moreover, they treat only four orientaz-cn. --ll-

theoretically infinite set. The choice of those :cu-,r oriocntazicns a

conditioned 1:y the fact that they cut througrh the mid-points of cc 1lz.

Profiles along other orientations would involve interpolazion, baedo-..

4 debatable assumptions.

Assessment of the individual spectral ma-ps is maa---e diff:c-t bytzhc

dominarnce of the central cell, but irn general it i-. -Founa that --.e ln

wavelengths predominate. Th-e pea-'s with w' - -h spectral anlysis -'s e.

concerned are absent from most of these matrices. Cniy Camden =.d erc

show concentration of variance on diagonals. 7orr-L"on has a Pea. at

2600n, indicating a predominance c- waves in t \ -S iezo: Xnr

Buttes has a small pea:< at about S80eec

Elsewhere di.Fferences are mzore Iu~~. n tzhe case c-- -:' ane o.

wavelengths are pushed slightly towards the left side o--, the frecuency Zma n

while the opposite occurs in the case of Ayer.

The p rob le ms of ob1)t aini4ng SCme masure thtwfldsrae:;urc

dom,-ains concisely arnd enable theOm to be Co-rae d 1i.h 4 ach ot. s

satisfactory errdn of Zlhe 0-4g-.- I data. Athementespcr

sn-ow a reasonable improvement ovor the initial results, indicatan; ta

choice of better control param~eters.

Th-e difficulty, induce-- by tlhis lea-kagea of variance, in ..

two- dim...ensi onal spectra encourages -- lzoser inspect ion of one- aCnscn

'collapsed vector spectral, in w-hi--ch the dir.ectional elemen.t is aeae

out and variance is plotted against fr-equency. 7?cr the cosine acz.,

variance is strongly concentr .ated around the known true ec. P2

are about 10 estimates (out of 65) wide at, a variance .01 that of thepe.

Sidelobe peak variances are less than .004 o-f true peak, h-c-ght. This sho-,s



the rosolvad.Ie rx1-.nzo of x~&:; S

collan-SOcU Vector s,-,cztx rIor to t... .. ..

a linear decline of" log (vaizr, ce) it :ccsnf: frcnC;.x>

in the secornd spectral estiMutc: thc first Cs::ae xtc--i.. to

frecu,,ency, now Ihas less varnc than the sccond. Tc~o~

b e de scribed by C(iL) th-eir eihtI i.e o t otzal v a:r4an c cr c, c~~ 3.:.

and (ii) the logarithmic slone o the C~ecne. A high

greater concen~tration at low frecounc-es (long .- nzs. t-

arbitrary' -terations in snectral processin,- it is be 0st to C;> oxIl7.

variance for (i) , rather thani varxance --n the setrn

Because of the l.ow fir -st estiat, an"' ! c-u;rve- over

a regress ion is not -Fit ted to the wholIe set of - spectral! esta ts.

estimates of the ra'ze of decline are obtained bytangoaxtfs

ofvariance in the 4th, 30th, SI1st a-.. 410th estim-ates; t~

Provides somo., id-ea of - theo variabilit*-y i n th -s cais - OhI -a 9

doevi at ion o-f te or i -inu. -- 4- *.S-_-0 C. oeal

17oU3,nne'ss. Since lagrareas ten2 to ba ore*aib.t

varying areas covered ',y th:-ese m~rcshindekr caio. r

contrasts, however, are of a largerodr than t':;e z ro1G 7--

hence Flaming Gorre and Torr'-don a; be conAs4ared- rC -1;~ 7 t...

and the Vammoth Cave ara

Thae -rati os frxn tu s73ectr a shlowv some.. varla* toon --wen r

dlfd--erent contro.. zaaces u he results areasc..~

H~ence Flaming Corge, Ayer and Bray have oomna .l loga v z

comn'ared with moeiamortant shor-twave ruhesi ..

Althughthese rcat-ios toa:-d to be hihrfrruhrsurr--Faces, z.om-

s uffciC4ently independent to separate ar,.eas ofP Similar over-l ei..~

The collapscad vector spectra thnereforc :"rCvide, cac seulta-l

icescriptc-r, the logarithmic grae-*i.at- of the- rlot ofvrir) 013

froc ,uency. Perhaps the best exmrossion of this w.ould bLe to fxa rcr nso

to spectral estimates between say the 3rd an-' 4C-th.

- - . . . "t<
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TABLE !Ii

G M N log otk' 3stI o 1og0t evia-,-on

Emerado 10 11 -10 4.28 4.39 4.67
75 110 4.14 4.27 4.:,

- I

20 11i 10 3.90 4.03 4. '4
10 13 130 4.08 4.33 4.47

Mammoth Cave 11 13 130 2.83 2.74 3.13 3 250 13

Flaming Gorge 11 13 130 4.44 4.63 4.75 3:06 i 1 1,3
is 13 130 4.45 4.60 4.74
20 13 130 4.36 4.48 4.63

Alma 10 1i 110 1.85 1.91 2.32 15! 1Xi -3

Mt. Bonneville 11 13 130 3.S7 4.06 4.53 130 !c3

Hillsboro 10 i! I10 2.42 2.45 2.73 4, _ 0
Ayer 11 13 "30 4.4 4.25 4 5".... ..

Bray 15 13 130 4.31 4.52 4.51 415 260 ig3
20 13 130 4.34 4.60 .6D

Delaware 10 -,1 3.49 3.3S. 3.75 14 200 8

15 I 110 3.43 3.47 .73
20 11 :i0 3.42 3.,6 .71
10 13 130 3.08 3.i0 4.47

Camden 10 13 130 3.13 3.03 2.99 7 233

.-averick 0 110 3.32 3. 3s 3.64 153 22 ,

Menan Buttes i0 I 10 2.99 3.05 3.Z3 21 25 .

Torridon 10 13 iS3 3.93 4.02 1.09 304 325

h~A
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A ~j'.'j'lY . .' .:* on-

for comaf u :cront .ci-raizns Is &CZ2.t O-

arc critical ly dependent upon parone:'.Czrs Fsuch as 3e-ro '>-

function, window size and degree of sozL or J.

are available for selecting ';ra-r'tos I'' occ.......

trade -offf of variance loss against si(delobe srsio. Dl .

will *Do node for different spatial series, and bydr. .,

the sanae series.

(ii) A spectral analysis prga.cannot "De us as a ~
someon~e with little ex:-erience of its ";So. it is '.ossryo

with the steps involved, and with the effects of val-ying zheco.o

parameters. These commernzs apply to co-dimnsionc± analysis a- .

strongly to two-dimnsional.

(i ii) The trend of incrcasin_- vaRtance w,,:tn nraha ao

dominates all altitude s~cctra :-oduced so far. ifrc.o I.

of this trend, and in azimuthal vaitoare much less ci..

sensitive to tecoa.trol -arametors. 'La; ' aJJo>.

axes Of the -D Cctral doaaia prodc:'Cos aZ uia 0:1.,10w:..........

an-d aihinterferas W10 the mensurn==. of ...... vr-:.

~he absolute amount, of \'arianc, lueanis~ s...................*'.*.

to t-at in neighbouring calls. :nfacz, 'hs fktis sosc

separate I-D analysis of diffecrcnt!y-or:ientea prof:'s aybe:;rJ

2-D arnalysis of a scu-,ara altitud;ecmtrx

civ; :o give a sI_.-.::icant sxcrlpaa wa' -r z

at least several times in the data sorics. kan eic caa

tihree waves wia.ch a-rrear stron.g L-ly -)-, bt a re unlikealy to be,,

in the. ;,ctzrum.

Cv) Manipulations in tao3 s,-ectral oarir to ca'-la o: .

gradient and convexity, are inadvisable because the lactua..

considerable amount of information throu h tapering and gru~a.::occ



trans format ions bacl\ in-to the, slatin1Jn I r neo r Cexa.Zt

a rgumcnts in favour of sp ectrc el lzie r c rhexe h ;'

problenc ,s of o)rodznoing goodI secrro-M fSit aZ prbal no-s ,t o

records. Vuch more precise re sults are o,)tainecl by calc:ulatzin' iaie

in the spatial domain.

(vi) Compared with other statistics describin- profiles or surFaccs,

snectral estimates have the advantage of varying independently of each-.-

other. Nevertheless, the individual spectral estimates are not u~seful_

terrain descriptors. Gradient, aspect, profile and -,lan convexity ar-e

dir-ectly useful descriptors, relevant to geomorihol ogic theor-ies and

modelling. Moreover, the roalations between these - .--face derivatives,

far from being a disadvantage, form an 4-nacria_-nt mart of terr-ain sretn

and explanation revealing, for exan,_) th-7e way 4raetvre ~;

(vii) Although' many 'eoorp.aic la ndscanes appear to na ccc:

valley spacirng, spectra are compli cated by (a) vailey cuvtr, I ur

directional comronents, Ynd 'b valley conf- iuence',ne-cessa:l,y var-iesrag

height and spacing-, blurri4ng sr atial_ frequencies. Spct"ra will Va--%:y3

only with geology but also with n-osition in the erosional system.-, so

it is alm.-ost ino,-ossible to -m.cet stationaoriz\' recuiremet ee acerrn

in the mean have been removed.

(viii Harmonic (Fourier) analysis and auto-r r iess ivemolin

of surfaces are open to similar objections. The_ onl relii toe

modelling would involve progressive spa7tial variation i1- thle -aranotcr.

of an autoregressive model.. Even so, it nay not ".- -possible to me

a fluvially-eroded surface as a continuous surface (Boelhm,l 957), w_ ou

taking into account the linear distribution off the drainage net.
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Two mathematical properties of surfaces whIich ai-c c7," r::mi.. -

concern to the g(eorrorpholognist are their first ndSOcCn--,

slope and convexi-ty (curvature) respectively. Herce we shall cn:c

the first Verti cal derivative, gradient. Calciulazicr o-f thc ra. ::

at a point involves di..rez-ntiatn alitd wihrs3cct

orthogonal horizontal axes, and taking the vector sum. of the tw.'

(1(d

There are two main procedures for obtaining darivazfvevs,gic:>.

the surface is -oresented in the form of an altitude matrix. .0 7 c

and more complex method is to foc a polynomial to a small re~~.c

of altitudes, centred on the point for which one wishestostzt e

derivatives. It is necessary to keep rhe nmber of points toa

to avoid excessive averagingo gradient, losing sn a ea. 'o

obtainr first an' second eivzrsa cua ra-zic 7aly0 na'. Z s 7 S ~

and a neigh1-bourhood of nine -,oints arrance' ;n a x 3 z:

sufficient to Calculate this.

The second and more direct metn.od is to empl,-oy th.e ca-CUu... 3: .

differences. This involves calc-ul!,_1ng thedienebt;eranz

adjacent to that for w-.hich the derivative is to be cbtned : .. x:.

y directions, a nd then calculaztin.g the vecto:. suzm of t.es. :.

is expressed as

This averaged difference can. be expressed as tan ,cntb I)." nby

the sanpling interval of the original ;ari.The second vertical xav-

is obtained by performing operation (2) on the matrix of first ziv x's

Both methods have distinct advantages and disadvantag~es. -f-L-7-It

difference technique has the advantage of a very simple agrtm



Calculating a quadratic poCyno.al is acre cf;iclcnt r n :.i

as only 9 points are required to get the scconcd drivative. -no

differences involve 13 points, r-aening thaZ an estimate frcm this is

an avcorage for a much wider area.

For our initial experiments with spatial derivatives the

difference technique was chosen for computation±! simplicity. . Tober

used this method in a study of land classification C1969) and haL p" i.Th

a FORTRAN nrogram for the calculation of smatial derivatives cobcr, .1976,.

A nrogram was written to calculate derivatives an2 narametric stat istical

descriptors mean, range, standard deviation, skewness and hurtosi " of

their frequency. The following table gives these s'Latistics of altitude

and of gradient (first vertical derivaive) for matrices in thc. ai-zaa

terrain library, excluding Mount Bonneville. The ea.ectations of both

skewness and kurto are zero for a normal distribution.

ALTITUDE (fee) GRAD-,N :

RANGE MEAN ST.IV. SX--V. KURTOSIS RA: ," S.D%. SK", KUUTSIS

Emerado 245 913 43 +0.72 +0.01 8 1.45 1.35 +3.66 +3.-9

Mammoth Cave 420 637 33 +1.27 +6.38 44 5.6 4.45 :-i3D +773

Flaming Gorge 1380 6607 606 T0.33 -. 67 26.23 14.6 -C.27

Alma 600 1016 151 -0.16 -1.14 71 32.36 i5.c2 -3.11 -K.3S

Hillsboro 220 866 44 -0.28 -0.58 32 1.57 4.7S ...43 -' . S

Ayer 390 336 88 +1.05 +0.52 32 +. 4.3 +1.21 .2. 3

Bray 2440 5875 Kl -0.40 +0.42 54 17.52 12.54 +0.47 -2.45

Delaware 635 1093 104 -1.02 +2.00 51 10.02 8.10 +1.1 -4.C2
Camden 120 699 7 +5.02 +63.78 29 0.50 1.59 +6.52 +73.611

Maverick 680 6479 135 +0.31 - 0.40 53 13.22 6.64 +1-.24 +4.72

Menan Buttes 105 4840 21 +1.42 +1.25 12 2.33 1.90 +1.04 +4.-7

Torridon 1076 134 161 +1.39 +1.68

The correlation between mean gradient and standard deviation of altitude

is significant at the 95% confidence level (r,= +.z7, 11). Tcre i' a

very strong correlation (r = +.99) between mean and standard deviation of

gradient, and moderate (significant) correlations between standard deviation



5*2C an. fo
and skewness both for gradiknt C r.C

High skewness is necessarily accomnpanied by high lktnrtosis' u >::.

statistics otherwse vary almost irndependentyv. Cr4o pr is on ~S r

the varying matrix resolutions, but the information tabuated C Ix O CS

seem, to provide a reasonable dis criination between th,7e areas.

4.
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lut -on -3r o v de s -pe c inC f C.at on on f

s P ns t "Ia t c an b e in f er r ed wit r o cess a re ta

genera. L~:.c-s between nr0oess atmen

e s tabl-'s h ed by c omt-P -is o- with.. ot he r -,:o Lgra-p>I ca Z -.

ina a-rx az
are StOrod w:ith ggahc oe-a.aacj----

n 1c -aumn su bs c r D s. .in exactly the same cvotr

geomorna _s aasrlouta'Ons may be n~rtsme nas

Jr Ld and st ored in matrix form. if for a Siven. area,

- de and oth-er variables are sampled a". - - same 0:

th'-e n th e zat6r -Ices may be overlaid and cormo-ared ina "I_-

-)u t er ve rs io o ,f thea t r a d I iorn a g e ograp h ic v is ua I zc 1-u~

of ;;ap co..p a r *s o n

Such- a a been ma'_de and is J~escr:obed t

3asi san aliuc, e ,atrix which'- hadLee- deri-Lved 2

of te 'orridon mountain area in Xorth'-west Scotlandz. h

area of the matrix is 100 km 2a, egt ee a'~aa

~..terva_. of 100 m.Terra In :n _o rat *On i S r e u zec-, e:-

trhese 10,00 04t o :t clearly the in-format onins

:.~hly generalised.

-6 rterrain maerixa for the sameUa was deri_-ved fr-

a na-) based or. -L Ir -3"-c t o gra-oh c antzrr e o -

::he technicue was com-^.parable to that_ used by 0 ood0

C~s(1970) in '."o rtuh W alIe s, but fo ~ o I SLdn t'erra: 7

rathLer than vegetation. The tytes were asotn-uasnec. in

terms of photogra-phic texture and tone , although hea.e

isunduly influenced by veg etation. A futhr ifferen-ce :6

that the ai-r -ohotos whi-ch could be obtai-ned h.'_er reoa

1:27,000 scale, whereas Goodi4er and arime us-ea :10,012air

noz as. Despit e the vegetation 'noise factor' , t. er~

in- map rclutes to surface textures and forms at a sca-_"

much firner t;xan those cattur, -dbv the 100 mes" t

matrix. These features ma.; perhaps 'be used as mor-phlo~cgacL

surr:og:ates for process.

?~ereraior~:f terain 7,t: r

The mapping of' the area was aidea bythe stn for
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the neighbouring Beinn Eighe Nature Reserve, oZ e....

maps created by Sargeant and call aborators in t

Conservancy. 1:10,000 photo coverage -Ior:nzz- - .em t

draw detailed maps of terrain types. Although ony 13 3asi:

terrain types were distinguished, these were combined n

different ways, resulting in a Y. u c larger nunher C, area I

classes; this makes further processing I L ICuz.

To simplify coding for conuuter operations, " e r.ner

of map classes was kept as small as osa.. .egnr.-

isation involved seemed annropriate in relazon to -- snall

scale (1:27,000) of air photos available for the nresent study.

Careful scrutiny of the photographs coupled with sce

previous field knowledge of the area su;gested recognito:r.

of ten terrain classes. The edges of the original altitude

matrix could be pinpointed easily on the photographs. Using

a Zeiss Sketchmaster, the terrain class boundaries were manned

on a base consisting of 1:10,003 and 1:10,560 photogrammetric

maps. This terrain map was then samnled at 100 m intervals

to give the 'terrain matrix'.

I. Bain spent two weeks in the field in September 1173 to

check the validity of the terrain class bounda ris de:na.-
on the photographs. This period was spent largely in he

south of the area, where terrain of each class was accessible.

It was found that the mapping of the class boundaries was

quite accurate and only minor adjustments were recuired.

Terrain types

The area covered by this matrix has a uniform lithol-

ogy consisting predominantly of Torridonian Sandstone, a

hard coarse-grained arkosic grit with near-horizontal

bedding. Tectonic activity, presumably associated with

major thrust planes to the east of the area, has produced

numerous small faults which combine with the pronounced

bedding planes to facilitate erosion by block removal.

During the Late Pleistocene, the area was extensively glac-

iated and during the last readvance period (Zone IIT,

probably supported a small ice cap. The area now consists

of an upland plateau surrounded on three sides by major

glaciated valleys. From this plateau rise several steep-

sided peaks and ridge's separated by well-defined troug]~s.
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Vegetation i6 sparse throughout _crea.

Brief descriptions of the terrn c z e .

below.

0. Water

Areas were defined as 'wa.er' only when poi.ts ad-

jacent to that being considered were also locazed on

Therefore this category refers to bodies of standing

generally larger than 100 m across.

1. Bare Rock

Eroded areas of bare rock are eas:ly sigus y

their light tone on these aerial photographs. Where tioe

gradient is slight, the rock outcrops in b_'oac., far- lvsooth

pavements. With steeper gradienLs, erosion of aiZer. "

tough and weak lithologies creates a rapid alternain

ween sheer cliff faces and screes. I t h. e

much detritus these areas have generally been isi:

bare rock.

2. Summit terrain

Summit terrain is distinruished by a..

bone. It consists of wide areas overgrown by moss ( -

mizrium st3.), which give way to grass with dccreasing

dltitude or increasing shelter. In places the mosz hea-h

gives way to bare areas of coarse sand and a clicter of h Igny

angular, comminuted debris. Finally, pavement areas of rocks

weathering in situ and exhibiting signs of spalling exist,

and in places there is a limited tor development. In one

location (Beinn Alligin), terracette develoo.ent was ozserved

on a very gentle slope. Elsewhere in e '2orridcn area

Sargeant (personal communication) has observed oeris-a2ia

forms, and on Ruadh Stac Mor of Beinn Eighe these -re being

studied by A. Loades of the North London Polytechnic.

3. Stee scree

This class is recognised partIy by the a -earance f

bare unvegetated scree slopes or by the growth of Call na

on steep screes. Although growth of heather recuires a

certain degree of stability, soil development is minimal.

Generally the heather clings to a few centimetres of peay

soil, often on individual boulders. Where the scree con-

sists of quartzite (Beinn Eighe), stones are small and

mobility is indicated by bare scree creep-..,. downhillwith
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1rafts Of tc. h5:hr uj-

s uch coarser C , ot en nc ues -ary. bour .

ous breaks in the vegetation cover indicate that i:Z:it/

is nresenz there also.

4. Lower slone :orins

These are characterised by Lobris ccros L"n I,

apparent-y greater stability than class an n c -.

soi. cover. For example, more an zo:coars s

observed in one stream-cut section on z] , oe: sopes of

Beinn Dearg. Tis results in oainance o grass o "..:.-
the light photographic appearance contrasts t * to .aca

darker tone of Calluna. Stabiiy 4.'v-,4is not .....

and there are rn,a.uerous instancs o - 'asa-o t s a:. rcZa-. .

slipping. On some of the steeper slopes, so-iflucion to: -

aces are evident.

MORAINIC D 0D0SS

Yuch of the a a is cvercJ by .orminf ..... a-s> --

waich five subdivisions are recgrisoa aer. :.ay o:

are clearly ienti iable by -o . e--:a . G o . , v.C

consists of Calluna and Erica varieties w grass,

Myrica -a-e, and Eriophoru- .rar-:e-es in the wetter .-.

Few good sections exist but bservatio"ns -

indicate that the materials are lar-ely an:uu>r a..n ..

vary.n in manitud frotm boulders of a e, :

to coarse sand. The distinctions which are ande >ore

based on photographic texzure.

S. Fine-textured moral

This consists cf sma. 7um.ocs a,. . .-:::.

Th.ey are easily diszinguishe on he photograh.

cause impeded drainage with many bogs ana ponas

hollows. In the characteristic vegetazic.: .:e..,

of hummocks are virtually bare; heather grows on. n .

the hollows are covered in grass.

6. Coarse-textured morainc

The vegetation pattern is tHe same as t'ant o_ :,;:e-

textured moraine, but the scale is broad er, w ta 1a-1ge

hummocks and ridges in excess of 10 m in height.

7. Lineated moraine

In a few areas the hummocks display 1ecnitc ne:..o..z.



They occur in pazrallel ridges --; ., tretc.°nv

100 n1 in some calscs.

S. Undifferentiated drift

'dutb,,in' class for the bstata sno .

which are covered by drift but do not show an), cst:nct: e

form.

9. Boulder Mields

The entire Torridon area is littered by boulcers. to

varying degrees of spatial density. in certain areas,

however, boulders are so frequent that the surlface belor s

masked. These areas have been termed boulder fields. T he ,

may be of several origins, either ablation moraine or rockc-

fall debris.

Such-a classification imnplies certain ideas about

processes, including a broad distinction between erosion

and deposition. Certain categories relate to mass movement,

periglacial activity, glacial erosion or glacial deposition.

In this particular area, little attention is given to the

role of fluvial processes largely because they are not prom-

inent at the scale considered.

In a comparison bet', en t ze terrai matrix and ze

altitude matrix tnese impicazions are of great immortance.

But the comnparison with te a.titude matrix and other

matrices derived from can -provide some test of the

subjectivity of the classification and the accuracy of the

mapptn-.

The classifition is based on what appears distinctive

to an individual observer, and the mapping has been carried

out quite crudely. Some scale distortion due to the con-

siderable altitude variations may remain.

,,Matrix overlaying

The results of overlaying the terrain matrix on the

altitude matrix may now be examined. The frequency distri-

butions of altitude, of gradient and of a measure of local

altitude variability are considered.

The first derivative is calculated by a finite differ-

ence method as outlined above. Local altitude variacility

is measured by the modulus of height deviation V where
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"Je number in each sample is high; the lowest number is 187.

A visual appraisal indicates normality of most of the

distributions, the most skewed being 'water' and 'lower

slopes'.

With regard to the reliability of the classification

it is reassuring that expected relations between the means

do materialise. For example, summit terrain has the
highest mean altitude and steep scree is higher than lower
slope forms. Bare rock appears at all altitudes but

morainic terrain types clusteir at a fairly low altitude,

reflecting their valley-bottom location. The boulder

fields of the area occur higher than the morainic deposits.

Indeed, their proximity to th'e mean of steep scree might

be taken to suggest a genetic connection.

Statistical characteristic; of terrain classes, comnou-teG

by overlaying the geomorrhic matrix on the altitude r atrix

ALTITUDE (m) GRADIEN '

class: % area mean st.dev. mnan st.dev.

water 0 3.96 367.9 79.71 14.760 12.4S0

rock 1 22.75 469.2 158.29 14.570 10.980

summit 2 3.02 738.6 94.87 13.100 11.410

scree 3 12.85 568.9 142.25 17.230 12.460

lower slope 4 21.37 416.0 128.73 16.080 11.980

fine moraine 5 8.93 322.7 63.46 15.520 12.690

coarse moraine 6 7.21 370.8 58.90 9.310 8.840

lineated moraine 7 1.87 366.9 47.21 13.520 11.490

drift d 14.99 372.31 118.21 12.630 9.660

boulder 9 3.05 513.0 141.50 22.310 12.290

The table above shows for each class the proportion

of the total area which it occupies, together with the mean

and standard deviation of altitudes and gradients measured

for points within that class. Standard deviation reflects



the total spread of data in each class, ad : .

positive relationshi with area i 0.471, but i'

i, , nc,,& . -li 95% confidence lczel. As exectec, stece

screc has a higher average gradient than lower slope forms.

Morainic terrain types are varied, reflectin.g possible dLer-

once in form. Fine-textured moraines have the highest

gradient and undifferentiated drift has a comparatively lo:

gradient, which confirms a subjective impression of ts low

relief. The average modulus of height deviation over 100 m

gives a better impression of local ati'zude variability tnn

does gradient. Steep scree is less variable than lower slope

forms, reflecting the predominance of smooth scree 'ans. The

roughness of morainic deposits is picked out, particularly

for fine-textured moriane. The exception is lineate' moraine,

which shows least variation of all the classes. it is possible

that, as for coarse-textured moraine, the 100 m sampling inter-

val misses most of the variation.

It may be concluded from these initial resuits cuat the

present classification of terrain in the 'orridon area is

justified, but certain problems remain. :he autocorrelaz:on

properties of the data have not yet been measured. The

contiguity of the various classes also requires measurezent:

does a class occur in a large, coherent bocy or as a nu:r

of smaller patches? This becomes important when calcul atng

derivatives, for it may be necessary to use contiguous val-ues

outside the areal limits of the class.

If the average size of patch is small, boundary eX=ccs

may have undue influence. For example, the o over

150 attributed to areas of water is presumably due to tnis

effect. The matrix resolution is crucial, as has been seen;

alteration of this may result in variations at di-ffer an scales

being picked up. Increased resolution ZrilI not necessariy

reduce the boundary effect, for more intricate boundaries .av

be picked out.
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